ABSTRACT In conventional orthogonal frequency division multiplexing with index modulation (OFDM-IM), the M -ary modulated symbols are transmitted on a subset of subcarriers under the guidance of information bits. In this paper, a novel information guided precoding technique, called precoding aided (P-) OFDM-IM, is proposed to improve the spectral efficiency (SE) of OFDM-IM. In P-OFDM-IM, the information bits are jointly conveyed through the conventional M -ary modulated symbols and the indices of precoding matrices and vectors. The P-OFDM-IM principle is embodied in two different implementations, P-OFDM-IM-I and P-OFDM-IM-II. Specifically, P-OFDM-IM-I divides all subcarriers into L groups and modulates them using L distinguishable constellations. P-OFDM-IM-II partitions the set of all subcarriers into L overlapping layers and performs IM layer by layer, where distinguishable constellations are employed across layers. A practical precoding strategy is designed for P-OFDM-IM under the phase shift keying/quadrature amplitude modulation constraint. A low-complexity log-likelihood ratio detector is proposed to ease the computational burden on the receiver. To evaluate the performance of P-OFDM-IM analytically, an upper bound on the bit error rate and the achievable rate is studied. Computer simulation results show that P-OFDM-IM-I outperforms the existing OFDM-IM-related schemes at high SE, while P-OFDM-IM-II performs the best at low SE.
I. INTRODUCTION
Index modulation (IM) techniques exploit the index(es) of some transmission resource, such as a time slot, antenna or subcarrier, to modulate information bits [1] . Due to its favorable power consumption properties, IM achieves an interesting trade-off between spectral efficiency (SE) and energy efficiency (EE), inspiring numerous researchers to explore its potential to meet the challenging objectives of future wireless networks [2] .
Spatial modulation (SM), which performs IM in the spatial domain, is a spatial multi-antenna technique [3] - [5] . In SM, only a single antenna is activated to transmit each M -ary modulated symbol. Since the transmitted signal emitted from different antennas will experience different channel characteristics, the index of the active antenna can be used to carry information. Although the single radio-frequency chain provides many benefits, such as avoiding inter-antenna synchronization, the SE of SM is limited. Hence, a great number of variants aiming at improving SE, such as generalized spatial modulation (GSM) [6] , [7] , quadrature spatial modulation (QSM) [8] and enhanced spatial modulation (ESM) [9] , [10] , have been designed. More recently, by partitioning the transmit antenna array into different sets, two layered SM architectures, including layered SM (LSM) [11] and layered space shift keying (LSSK) [12] , have been developed. In LSM, each layer, having several sets of transmit antennas, is associated with one user in multiuser downlink multi-inputmulti-output (MIMO) systems, and different sets of antennas of one layer are assigned to transmit different symbols. Unlike SM related systems in which the indices of active antennas are determined only once, LSSK performs the IM layer by layer via different transmit antenna sets.
At the cost of channel state information at the transmitter (CSIT), generalized precoding aided spatial modulation (GPSM) uses precoding to activate a particular subset of receive antennas rather than transmit antennas [13] . This idea is extended in [14] to both in-phase (I-) and quadrature (Q-) branches, improving the SE greatly. A more flexible design of energy-efficient transceivers, called non-linear GPSM, is analyzed in [15] , which strikes a powerful trade-off among throughput, energy efficiency, complexity, and error performance. It is worth noting that the precoding matrices are fixed and do not carry any information in all of the above-mentioned precoding aided SM systems.
The IM principle is has also been introduced into orthogonal frequency division multiplexing (OFDM) systems. The earliest example of this idea is called subcarrier-index modulation OFDM (SIM-OFDM) [16] . In this scheme, each subcarrier is loaded with one index bit and the subcarriers associated with the majority bit-value are activated to transmit data. SIM-OFDM, however, suffers from error propagation. To solve this problem, enhanced (E-)SIM-OFDM modifies the index modulator by using one index bit to control the states of two consecutive subcarriers such that only one subcarrier is active in each subcarrier pair [17] . The detection of the subcarrier state can be easily implemented by energy comparison. However, the SE of ESIM-OFDM is smaller than that of SIM-OFDM and far behind that of classical OFDM. Recently, a more flexible and efficient IM scheme termed OFDM with IM (OFDM-IM) has been proposed in [18] , which is related to an earlier idea in [19] .
In OFDM-IM, a subset of subcarriers are activated to transmit M -ary modulated symbols and the remaining subcarriers remain idle. The information is not only carried by the constellation points explicitly, but also embedded into the subcarrier activation pattern (SAP) implicitly. The bit error rate (BER) performance of OFDM-IM is proven by theoretical analyses and computer simulations to be better than that of classical OFDM of the same SE in the medium to high signal-to-noise ratio (SNR) region [18] . Due to these attractive features, many studies of OFDM-IM have emerged. Low-complexity near-optimal detectors, including the log-likelihood ratio (LLR) detector [18] , lowcomplexity maximum-likelihood (ML) detector [20] and a greedy detector [21] have been proposed, achieving a computational complexity comparable to that of classical OFDM systems. However, in the above-mentioned lowcomplexity detectors, illegal SAPs may be detected since not all possible SAPs are used for transmission. To avoid this drawback, all possible SAPs are encoded by altering the constellation size with a specific SAP in [22] . An equiprobable subcarrier activation method for OFDM-IM is proposed in [23] , in which all subcarriers are activated as equiprobably as possible and an up to 1.9dB SNR gain can be achieved. In [24] , a subcarrier allocation scheme is introduced into OFDM-IM to improve the BER performance by maximizing the average minimum Euclidean distance. Instead of a localized subcarrier grouping, an interleaved subcarrier grouping is suggested in [25] to attain an additional frequency diversity gain. Combining OFDM-IM and the coordinate interleaving technique, coordinate interleaved OFDM-IM (CI-OFDM-IM) increases the transmit diversity from unity to two [26] . A tight closed-form upper bound on the BER is derived in [27] , while the error probability of OFDM-IM impaired by carrier frequency offset (CFO) is studied and the superiority of OFDM-IM over classical OFDM when CFO exists is demonstrated in [28] . The minimum Euclidean distance, average mutual information, and peak-to-average power ratio of OFDM-IM are analyzed in [29] , which reveals the beneficial operating region of OFDM-IM over classical OFDM. The applications of OFDM-IM to some specific communication scenarios, such as underwater acoustic [30] , vehicle-to-infrastructure [31] and visible light communications [32] , have also been investigated.
Aiming at improving the SE of OFDM-IM, some enhanced schemes have been reported in the literature. In [33] , two generalizations of OFDM-IM are provided, including OFDM with generalized index modulation (OFDM-GIM) in which the number of active subcarriers is variable according to the information bits, and OFDM with in-phase/quadrature index modulation (OFDM-I/Q-IM) in which the IM is performed on both I and Q dimensions independently. By contrast, the IM for I and Q branches is carried out in a joint manner in [34] . MIMO-OFDM-IM combines the OFDM-IM and MIMO transmission techniques directly, obtaining a linear increase of SE [35] - [37] . With the aid of compressed sensing, in [38] , the IM is performed in a virtual domain with a dimension much larger than that of the frequency domain in conventional OFDM-IM. Unlike the aforementioned OFDM-IM related schemes in which certain subcarriers remain idle, dual-mode IM aided OFDM (DM-OFDM) [39] divides all subcarriers into two groups and modulates them with two distinguishable constellations, hence increasing the number of modulation bits. In [40] , DM-OFDM is generalized to multiple-mode (MM-)OFDM-IM, in which the permutations of modes are used to carry index bits.
Against this background, this paper proposes a novel information guided precoding technique for OFDM, called precoding aided OFDM-IM (P-OFDM-IM), to improve the SE of conventional OFDM-IM systems. In P-OFDM-IM, the information bits are jointly conveyed through the conventional M -ary modulated symbols and the indices of precoding matrices and vectors. The contributions of this paper are summarized as follows:
• A unified architecture of P-OFDM-IM is proposed, which is embodied specifically in two types of P-OFDM-IM, i.e., P-OFDM-IM-I and P-OFDM-IM-II, by tactfully designing the precoding matrices and vectors. In P-OFDM-IM-I, all subcarriers within an OFDM block are partitioned into L groups and modulated by L distinguishable constellations. In P-OFDM-IM-II, the subcarriers are divided into L layers and the IM is performed layer by layer, where distinguishable constellations are employed across layers.
• A practical and efficient precoding strategy is designed for P-OFDM-IM under a phase shift keying (PSK)/quadrature amplitude modulation (QAM) VOLUME 5, 2017 constraint. A low-complexity LLR detector is proposed to ease the computational burden on the receiver.
• A tight upper bound on the BER of P-OFDM-IM employing ML detection is derived according to the union bounding technique. The achievable rate of P-OFDM-IM is also studied. The performance of P-OFDM-IM in terms of BER and achievable rate is evaluated through Monte Carlo simulations and compared with the existing OFDM-IM system and its variants. Comparison results substantiate that P-OFDM-IM-I outperforms the conventional OFDM-IM related schemes at high SE while P-OFDM-IM-II performs the best at low SE. The rest of this paper is organized as follows. Section II presents the unified system model of P-OFDM-IM. Sections III and IV embody P-OFDM-IM to P-OFDM-IM-I and P-OFDM-IM-II, respectively, where a specified precoding strategy is designed for each scheme. Optimal ML and low-complexity sub-optimal LLR detectors are tailored to P-OFDM-IM in Section V. Section VI presents analyses of the BER upper bound and achievable rate. Simulation results and comparisons are given in Section VII. Finally, Section VIII concludes the paper.
Notation: Scalar variables are denoted by italic letters. Column vectors and matrices are denoted by lowercase and uppercase boldface letters, respectively. C denotes the set of complex numbers. Superscripts T and H refer to transpose and Hermitian transpose operations, respectively. I N and 0 N 1 ×N 2 denote the N × N identity and N 1 × N 2 zero matrices, respectively. · and C(n, k) are the Frobenius norm and k-combinations of n elements, respectively. · , · and Q(·) stand for the floor function, celling function and Gaussian Q-function, respectively. The probability density function (PDF) and the probability of an event are denoted by f (·) and P(·), respectively. H (·) and I (·, ·) denote the entropy and the mutual information, respectively. CN (µ, σ 2 ) denotes the complex Gaussian distribution with mean µ and variance σ 2 . E[·] denotes the expectation. diag(·) transforms a vector into a diagonal matrix. det(·) returns the determinant of a matrix.
II. SYSTEM MODEL OF P-OFDM-IM
The transmitter structure of P-OFDM-IM with N subcarriers is depicted in Fig. 1 . At each transmission block, m information bits arrive and are equally separated into g blocks to perform IM within n = N /g subcarriers. The processes in all blocks are the same and independent of each other, so let us take the β-th block as an illustrative case, where β ∈ {1, . . . , g}. In the β-th block, the p = m/g bits are divided into two parts for different purposes. The first part consisting of p 1 bits is used to determine the precoding matrix A (β) ∈ C n×k and precoding vector b (β) ∈ C n×1 , which will be studied further in Sections III and IV. The second part with p 2 = klog 2 (M ) bits is mapped into a k × 1 vector where s
κ ∈ S, κ = 1, . . . , k, and S is an M -ary PSK/QAM constellation.
After obtaining A (β) , b (β) , and s (β) , the n × 1 transmitted vector in the β-th block can be formed as
where
Concatenating x (β) for all β and feeding them to an interleaver [25] , we obtain the main OFDM block
Then, similar to conventional OFDM, after performing an N -point inverse fast Fourier transform (IFFT), cyclic prefix (CP) addition, and parallel-to-serial and digital-to-analog conversion, the signal is emitted into a multipath slowly timevarying Rayleigh fading channel, which can be characterized by its channel impulse response (CIR)
where h T (ν), ν = 1, . . . , v, are circularly symmetric complex Gaussian random variables following CN (0, 1/v) distributions. To combat the inter-symbol interference, the CP length is set to be no smaller than the number of channel taps v. At the receiver, by removing the CP from the received signal and performing an N -point FFT, the frequency-domain received signal can be expressed as
where From the description above, the proposed P-OFDM-IM is general and can be embodied in different schemes by designing A (β) and b (β) in (2) . In the following two sections, using L distinguishable M -ary constellations S l , l = 1, . . . , L, we will propose two types of P-OFDM-IM, i.e., P-OFDM-IM-I and P-OFDM-IM-II. For each scheme, the mapping method between the p 1 index bits and the precoding parameters A (β) and b (β) is provided, which can be implemented in two steps. The first step is to determine the order of the L constellations
according to the p 1 bits, where i
. . , n} is a t l -length vector recording the locations of S l within the β-th block. The second step is to construct A (β) and b (β) based on I (β) . To simplify the notation, we omit the superscript (β) unless otherwise specified.
III. THE P-OFDM-IM-I SCHEME
In this section, we introduce the implementation of P-OFDM-IM-I.
A. INDEX SELECTOR
In P-OFDM-IM-I, all subcarriers are active such that k = L l=1 t l = n. However, unlike OFDM in which all subcarriers are modulated by a single constellation, P-OFDM-IM-I partitions the subcarriers into L groups and modulates them by L distinguishable constellations. Therefore, there are in total
It is easy to show that when
is the largest as well. 1 The one-to-one mapping between the p 1 bits and I can be implemented by either a look-up table or modified combinational method as follows. 
1) LOOK-UP TABLE METHOD
In this method, the relationship between each realization of the p 1 bits and the corresponding I is listed in a table of size 2 p 1 . The table is stored at both the transmitter and receiver. A look-up table example for n = 4 and L = 2 is presented in Table 1 , where two out of six combinations are discarded since C = 6 and p 1 = 2. Although this method is efficient and simple for small values of p 1 , it is not practical for large values of p 1 due to the very large table size.
This method provides a one-to-one mapping between a certain integer Z ∈ [0, C − 1] and I. At the transmitter, for each block, we first convert the binary sequence of p 1 bits into a decimal number Z , from which L natural numbers are derived via
and c L = 1. Then, we derive temporary indices
After that, the desired i l can be obtained by updating i l considering the fact that i l denotes the indices of S l regardless of S l , l = l. The complete mapping method is summarized in Algorithm 1. As an example, for n = 4 and L = 2, we have c = [1, 1] T , and for each Z ∈ [0, 5], the corresponding choices of I can be determined as follows:
Algorithm 1 Modified Combinational Method for Mapping 1: Input: The binary sequence of p 1 bits 2: Initialization:
Calculate Z l from (6); 6: Obtain the temporary indices i l = i l,1 , · · · , i l,t of S l through (8); 7: Update i l = o(i l + 1), J (i l ) = l, and o = find(J == 0); 8: end for 9: Output:
At the receiver, after detectingÎ = î 1 , . . . ,î L , the
Finally,Ẑ , which is the estimate of the decimal representation of the p 1 bits, can be obtained bŷ
The detailed demapping method is given in Algorithm 2. Obviously, this modified combinational method avoids the storage requirements of look-up tables at both the transmitter and receiver, and thus, it is preferred when large values of p 1 are adopted.
Algorithm 2 Modified Combinational Method for Demapping
RecoverẐ l from (10), and update o = setdiff(o,î l ), where setdiff returns the values in o that are not inî l ; 7: end for 8: CalculateẐ from (11); 9: Output: The binary representation ofẐ with p 1 bits
B. A AND b CONSTRUCTOR
Recall that after precoding, the symbols in x can be viewed as the points drawn from L constellations or a combined LM -ary constellation X that is either regular or non-regular. Aiming at low symbol modulation/demodulation complexity, we will confine the constellation to be regular, such as the PSK or QAM constellation, which at most results in about 0.5dB performance loss as compared with a non-regular constellation [41] . Motived by the trellis coded modulation (TCM) set partitioning technique [42] , we can obtain the L constellations S 1 , . . . , S L by partitioning the LM -ary PSK/QAM constellation. Then, A and b can be constructed by taking into account I, S, and S l , l = 1, . . . , L, which will be explained in the following. Note that since k = n for P-OFMD-IM-I, A is an n × n square matrix. For simplicity, we select A to be a diagonal matrix, i.e., A = diag(a), where a is an n × 1 vector.
1) PSK CONSTRAINT
When X is confined to be an LM -ary PSK constellation, S l can be easily obtained by rotating S with angle
where S is the M -ary PSK constellation. As an example, Fig. 2 shows four binary constellations obtained by partitioning an 8-PSK constellation. Hence, under the PSK constraint, A and b can be constructed by
for l = 1, . . . , L.
FIGURE 2.
Partitioning an 8-PSK constellation into four binary constellations.
2) QAM CONSTRAINT
When X is confined to be an LM -ary QAM constellation, the construction of A and b is a bit complex, as it depends on L, M , and X jointly. Hereafter, we consider X to be 8-QAM, 16-QAM, or 64-QAM as examples to illustrate our idea. From the 8-QAM constellation, we can obtain four binary constellations (L = 4, M = 2), based on the binary PSK (BPSK) constellation S, as depicted in Fig. 3 . Explicitly, S l , l = 1, . . . , 4, can be derived through
where α = arctan From the 16-QAM constellation, we can obtain eight binary constellations (L = 8, M = 2) or four 4-ary constellations (L = 4, M = 4), as illustrated in Fig. 4 . Based on the BPSK constellation S, the S l , l = 1, . . . , 8, in Fig. 4(a) can be expressed as
where s ∈ {−1, +1}. With (16), for L = 8, and M = 2 under the QAM constraint, we have
On the other hand, based on the 4-QAM constellation S, the S l , l = 1, . . . , 4, in Fig. 4(b) can be expressed as
Hence, for L = 4 and M = 4 under the QAM constraint, we have
Similarly, by partitioning 64-QAM, we can obtain four 16-ary constellations (L = 4, M = 16). The resulting A and b can be found to be the same as those in (20) and (21), except that S becomes the 16-QAM constellation.
IV. THE P-OFDM-IM-II SCHEME
In this section, we shift our focus to P-OFDM-IM-II, whose implementation details are described as follows.
A. INDEX SELECTOR
In P-OFDM-IM-II, not all subcarriers are activated, which implies k = L l=1 t l < n. However, unlike OFDM-IM in which the indices of all active subcarriers are determined once according to the incoming index bits, P-OFDM-IM-II divides all subcarriers into L overlapped layers, and activates a subset of subcarriers according to p 1 /L index bits in each layer. Furthermore, in P-OFDM-IM-II, the IM is performed layer by layer, and in order to enable IM, the signal constellation is assumed to be distinguishable across layers. For ease of implementation, we assume the activation of one subcarrier according to p 1 /L = log 2 (R) bits in each layer, where R is the number of subcarriers associated with each layer and is set to be an integer power of two in this paper. Under this assumption, we have
The layer mapping between the p 1 = Llog 2 (R) bits and I = {i 1 , . . . , i L }, where i l ∈ {1, . . . , n} denotes the index of the active subcarrier of the l-th layer within one block, can be implemented as follows: 1) Divide p 1 bits into L groups each of which is comprised of log 2 (R) bits. 2) Determine the index of the active subcarrier of the first layer within the {1, . . . , R}-th subcarriers using the first-group bits, which can be done easily by applying the space shift keying mapper rule [43] , and output i 1 . 3) Determine the index of the active subcarrier of the second layer within the {1, . . . , i 1 − 1, i 1 + 1, . . . , R + 1}-th subcarriers using the second-group bits, and output i 2 . 4) Repeat the steps until the L-th layer mapping is completed, and output I = {i 1 , . . . , i L }. As an example, for L = 2, R = 2, and n = 3, we have p 1 = 2 bits and the layer mapping results are listed in Table 2 .
From the steps described above, the layer mapping uses subcarrier addition to form the layered indices I. Conversely, the layer demapping can be performed through subcarrier 
B. A AND b CONSTRUCTOR
Borrowing the idea in Section III.B, A and b for P-OFDM-IM-II can be constructed easily. Unlike the case in P-OFDM-IM-I, in P-OFDM-IM-II, A is an n × L matrix, whose (ξ, l)-th entry, if it is non-zero, indicates that the ξ -th subcarrier employs S l . The rows with all-zero elements indicate that the corresponding subcarriers are inactive. Hence, we only need to determine the non-zero elements of A.
1) PSK CONSTRAINT
When X is confined to be an LM -ary PSK constellation, A and b can be constructed as
2) QAM CONSTRAINT
When X is confined to be an LM -ary QAM constellation, similar results to (14) , (15), (17), (18), (20) , and (21) can be obtained for P-OFDM-IM-II. For L = 4 and M = 2, we have
where α = arctan 1 2 . For L = 8 and M = 2, we have
For L = 4 and M = 4, we have
In addition, for L = 4 and M = 16, the resulting A and b are the same as those in (27) and (28) , except that S should be changed to the 16-QAM constellation. For reference, in Table 3 , we summarize the resulting A and b under the PSK and QAM constraints for both P-OFDM-IM-I and P-OFDM-IM-II schemes.
V. DETECTOR DESIGNS AND COMPLEXITY ANALYSES
In this section, we address the detection problem for P-OFDM-IM from (5). First, the optimal ML detector employing a brute-force search over all possible transmitted vectors is provided. Then, we propose a sub-optimal LLR detector, which exhibits near-optimal performance especially at high SNR, with substantially reduced complexity. Since each transmitted block is formed independently, we will focus only on the detection of the β-th block.
A. ML DETECTION
First, the received signal y F is de-interleaved. Let y
and X (β)
= diag(x (β) ), where (β) represents the de-interleaving operation for the β-th block. Based on the ML criterion, the receiver makes a joint decision on the indices I (β) of L constellations and s (β) via
Unfortunately, the computational complexity of the ML detector in (29) in terms of complex multiplications is ∼ O(CM k ) per block, which becomes impractical for large values of C and k.
B. LLR DETECTION
For notational simplicity, in the sequel we omit the subscript β.
1) P-OFDM-IM-I
From Section III, it can be deduced that each subcarrier in a block is likely to be modulated by any one out of L constellations, whose probability can be evaluated by an LLR value for ξ = 1, . . . , n, l = 1, . . . , L, where E refers to the event that the ξ -th subcarrier employs S l andĒ is the complement of E. Considering that P(E)
From the definition of (30), a larger U ξ,l value means that it is more probable that the ξ -th subcarrier will employ S l . We may just as well construct an n × L matrix U, whose (ξ, l)-th entry is U ξ,l . Then, we decide on t indices out of n having the maximum LLR values in the l-th column of U as the estimate of i l . After obtainingÎ, the p 1 bits and the constellation symbols can be recovered readily using Algorithm 2, and
for l = 1, . . . , L, respectively.
2) P-OFDM-IM-II
Unlike the case in P-OFDM-IM-I, the subcarriers in P-OFDM-IM-II may be inactive, and each subcarrier employs one out of L constellations with an unequal probability. Accordingly, (30) can be revised as
where E 0 and E ⊥ represent the events that the ξ -th subcarrier is inactive and modulated by S η , η = l, respectively. From the principle of P-OFDM-IM-II, we can calculate the a priori probabilities for each subcarrier and construct an n × L matrix (34) , shown at the bottom of this page, whose (ξ, l)-th element P ξ,l denotes the a priori probability that the ξ -th subcarrier is modulated by S l . Using the probabilities in P, (33) can be calculated as (35) , shown at the top of the next page, where
is the probability that the ξ -th subcarrier is inactive. After obtaining U, the estimation of I and x can be achieved similarly to the processes in P-OFDM-IM-I, which are omitted here for brevity.
TABLE 4. Comparison of detection complexity between P-OFDM-IM-I and classical OFDM.
Obviously, the computational complexity of the LLR detector is greatly reduced to ∼ O((nL + k)M ) per block in terms of complex multiplications. For detection complexity comparison, we take P-OFDM-IM-I as a representative. Table 4 lists the detection complexity of ML and LLR detectors for P-OFDM-IM-I, and the ML detector for classical OFDM in terms of the average number of metric calculations per subcarrier, which are given by CM k /n, (n + 1)M ,P and M , respectively. In order to obtain the same SE for both systems, OFDM employs M -PSK/QAM which is obtained by interpolation. As indicated by Table 4 , the proposed LLR detector for P-OFDM-IM-I exhibits a comparable complexity to the ML detector for the classical OFDM.
VI. PERFORMANCE ANALYSES
In this section, an upper bound on the BER and the achievable rate of P-OFDM-IM systems are studied.
A. BER UPPER BOUND
In this subsection, we derive a tight upper bound on the BER of P-OFDM-IM systems using ML detection. From (29) , the conditional pairwise error probability (PEP), which reflects the probability of detecting X (β) asX (β) conditioned on h
F , is given by
By using Q(x) ≈ 1/12 · e −x 2 /2 + 1/4 · e −2x 2 /3 , the unconditional PEP can be approximated from (36) as
F . Finally, according to the union bounding technique, the BER of P-OFDM-IM can be upper bounded by
where e(X (β) ,X (β) ) is the number of erroneous bits by detecting X (β) asX (β) .
B. ACHIEVABLE RATE
In this subsection, we derive the achievable rate of P-OFDM-IM systems, which is defined as the mutual information between the received signal y (β)
F and the transmitted signal X (β) averaged over the subcarriers [44] , namely
Two conditioned PDFs of y
F can be expressed as
and
ψ is the ψ-th realization of X (β) . Substituting (40) and (41) into (39), we obtain (42) , shown at the bottom of this page, where w (β) F = (β) w F . Unfortunately, to the best of our knowledge, there is no closed-form solution to (42) . Consequently, we resort to the lower bounding technique of [44] , yielding
VII. SIMULATION RESULTS AND COMPARISONS
In this section, we perform computer simulations to evaluate the uncoded BER performance of P-OFDM-IM and compare it with that of the state-of-the-art schemes, including OFDM, OFDM-IM [18] and DM-OFDM [39] . In all simulations, the Rayleigh fading channel and perfect channel estimation at the receiver are assumed. For simplicity, the OFDM-IM scheme with k out of n subcarriers active and transmitting M -ary PSK (QAM) is denoted by ''OFDM-IM (n, k), M -PSK (QAM)'', and the DM-OFDM scheme with k out of n subcarriers employing the primary M -ary PSK constellation is denoted by ''DM-OFDM (n, k), M -PSK''. For fair comparison, the primary and secondary constellations used in DM-OFDM are derived by the method under the PSK constraint proposed in this paper. We refer to ''P-OFDM-IM-I (II) (n, L, M ), PSK (QAM)'' as P-OFDM-IM-I (II) with n subcarriers per block employing L different M -ary constellations under the PSK (QAM) constraint.
A. PERFORMANCE COMPARISONS
In this subsection, we make comparisons between P-OFDM-IM and state-of-the-art schemes in terms of BER and achievable rate, where the optimal ML detector is used for all schemes. , QPSK'', ''P-OFDM-IM-I (4,2,2), PSK'', and ''P-OFDM-IM-II (4,3,2), PSK'', where all schemes achieve an SE of 1.5bps/Hz except classical OFDM which has an SE of 1bps/Hz or 2bps/Hz. Because L = 2, the P-OFDM-IM-I scheme is degraded relative to the DM-OFDM scheme. As seen from Fig. 5 , both P-OFDM-IM-I and OFDM-IM achieve about 3dB SNR gain over classical OFDM and they exhibit almost the same BER performance. This is because the power saving with a factor of 50% stemming from the inactive subcarriers, which corresponds to 10log 10 (2) ≈ 3dB SNR gain provided by OFDM-IM, is counterbalanced by the modulation loss from BPSK to QPSK. Obviously, ''P-OFDM-IM-II (4,3,2), PSK'' performs the best in the SNR region of interest among all schemes, achieving an SNR gain of about 2.5dB over OFDM-IM or P-OFDM-IM-I, which can be explained by the larger proportion of the IM bits that P-OFDM-IM-II transmits. The upper bounds derived from (38) are also given in the figure, which agree with the simulated counterparts very well, especially at medium to high SNR. (7, 4, 4) , PSK/QAM'' at an SE level of 2bps/Hz. The parameters are chosen carefully for all schemes to achieve the SEs as close as possible. We can see from Fig. 6 that both P-OFDM-IM-I and P-OFDM-IM-II under either a PSK or QAM constraint outperform classical OFDM, OFDM-IM and DM-OFDM at high SNR, although they have higher SEs. Moreover, P-OFDM-IM-I performs better than P-OFDM-IM-II at high SNR due to a larger proportion of the IM bits. Let us take a deeper look into Fig. 6 . Since the minimum distance between any two signal points of a constellation under the PSK constraint is larger than that under the QAM constraint for both ''P-OFDM-IM-I (8,4,2)'' and ''P-OFDM-IM-II (7, 4, 4) '', the PSK constellation constraint is preferable at high SNR. By contrast, the QAM constellation constraint is better at low SNR because the minimum distance between any two signal points of two constellations under the QAM constraint is larger than that under the PSK constraint. (8, 4, 4) , PSK/QAM'', and ''P-OFDM-IM-II (7, 4, 16) , PSK/QAM'' at an SE level of 3bps/Hz. It is observed in Fig. 7 that ''P-OFDM-IM-II (7, 4, 16) , PSK'' performs worst among all schemes. However, ''P-OFDM-IM-II (7,4,16), QAM'' achieves about 1.5dB SNR gain over OFDM-IM and DM-OFDM at high SNR despite having a higher SE, and interestingly it outperforms ''P-OFDM-IM-II (7, 4, 16) , PSK'' in the overall SNR region because the minimum distances within X and S l under the QAM constraint are both larger than those under the PSK constraint. Unlike P-OFDM-IM-II, P-OFDM-IM-I under either PSK or QAM constraint performs best in spite of a higher SE and achieves SNR gains of about 6dB over classical OFDM, and about 5dB over OFDM-IM and DM-OFDM at high SNR. Similar to the observations in Fig. 6 , ''P-OFDM-IM-I (8, 4, 4) , PSK'' is superior to ''P-OFDM-IM-I (8,4,4), QAM'' in the very high SNR region, while the situation is reversed at lower SNR.
The achievable rates of P-OFDM-IM systems with the same parameters as those in Figs. 5-7 are simulated in Figs. 8-10 , respectively. From the figures, we observe that the achievable rates of all involved systems increase as SNR grows and they become saturated at corresponding SEs, in the very high SNR region. This can be easily understood by the fact that as SNR increases, the information bits are more likely to be detected without errors. Specifically, as seen from Fig. 8 , P-OFDM-IM-II performs best in terms of the achievable rate, and the curves of P-OFDM-IM-I and OFDM-IM almost overlap, which are consistent with the observations in Fig. 5 . At the SE levels of 2bps/Hz and 3bps/Hz, P-OFDM-IM-I outperforms any other competitors. For both P-OFDM-IM schemes, the gap between the PSK and QAM constraints becomes large with increasing LM . At the SE level of 2bps/Hz, the PSK constraint is favorable, while the QAM constraint is better at the SE level of 3bps/Hz.
B. LLR DETECTOR PERFORMANCE
In this subsection, the performance of the low-complexity LLR detector for P-OFDM-IM systems is evaluated by comparing with the optimal ML detector. , QAM'', and ''P-OFDM-IM-II (7, 4, 16) , PSK''. Since an error in SAP will cause greater errors in symbol demodulation, as shown in Fig. 11 , the LLR detector performs worse than the corresponding ML detector in the low-to-medium SNR region. Fortunately, the SNR loss is less than 2dB. Moreover, with increasing SNR, the detection of SAP becomes more reliable such that the gap is narrowed and the LLR detector exhibits near-optimal performance. We should note that compared with the ML detector, the computational complexity of the LLR detector is greatly reduced.
VIII. CONCLUSION
In this paper, we have proposed the P-OFDM-IM scheme to improve the SE of OFDM-IM, from which two types of embodiments have been realized using multiple distinguishable constellations. P-OFDM-IM-I, which can be viewed as the generalization of DM-OFDM, partitions the subcarriers into L groups and uses L constellations to modulate the subcarriers. P-OFDM-IM-II divides the subcarriers into L layers and performs the IM layer by layer, where distinguishable constellations are employed across layers. The precoding matrices and vectors for P-OFDM-IM-I and P-OFDM-IM-II have been designed under the PSK or QAM constraint. A low-complexity LLR detector for P-OFDM-IM has been proposed to alleviate the computational burden of ML detection. An upper bound on the BER and the achievable rate of P-OFDM-IM have been studied. Computer simulations of the BER and achievable rate have been conducted, verifying the advantages of P-OFDM-IM over classical OFDM and existing OFDM-IM related schemes. We note that the idea of P-OFDM-IM can be extended to the I and Q branches independently. 
